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Key Facts
- Hazard Type: Earthquake
Date of the disaster: April 25", 2015

Location of the survey: Kathmandu, Sunkoshi, Melamchi, Dhunche, Bungamati
Date of the field survey: May 27 to June 2", 2015

Survey tools: GPS receiver

Key findings: Failure modes of rock slopes, In-situ initial stress state, Ground liquefaction, Spectrum

of aftershock
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1. INTRODUCTION

In Nepal, the Gorkha earthquake of Mw7.8 (USGS)
occurred at 11:56 NST on 25 April 2015 with an
epicentre 77 km northwest of Kathmandu that is
home to nearly 1.5 million inhabitants, and at a focal
depth of approximately 10-15 km. This earthquake
was the one of the most powerful earthquakes to
strike Nepal since the 1934 Nepal-Bihar earthquake
of Mw8.1. Based on the information by the United
Nations, eight million people have been affected by
the massive 2015 earthquake in Nepal, more than a
quarter of the Nepal’s population.

The earthquake mainly resulted in about loss of
more than 8,600 people as of May 26, 2015 and it
may rise again in the coming days as collapsed and

heavy damaged structures cleared away. Particularly
in Nepal, historical dried masonry buildings and
temples were destroyed, leaving massive piles of
debris in streets.

Also, this earthquake induced many mass move-
ments in mountainous areas and resulted in landslide
lakes, which could be another cause of secondary
disasters. The mass movements and deformation of
weathered soft soil cover are the main causes of the
collapse or heavy damage to buildings and heavy
casualties in mountainous areas.

This report outlines the findings obtained through
the field survey of the JSCE Landslide survey group,
JSCE/ Japanese Geotechnical Society (JGS)/ Japan
Association for Earthquake Engineering (JAEE)
Joint Investigation Team for the 2015 Gorkha
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Fig.1 Illustration of focal plane solutions for the mainshock and aftershocks (Mw > 6.3). MS: Mainshock, AS: Aftershocks
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Fig.2 Landslides extracted from satellite imageries®® and liquefaction locations.

a magnitude Mw 7.5 or more in 1100, 1505, 1555,
1724, 1803, 1833, 1883, 1897, 2005, 1947, 1950,
2005 during historical period and the instrumental
period, respectively?¥. Fig. 1 shows the focal plane
solutions for the mainshock and aftershocks
(Mw>6.3) of the 2015 Gorkha earthquake based on
the coupled moment tensor solutions of USGS da-
tabase. Obviously, these shocks were caused by the
movement of a part of the Himalaya frontal fold and

Earthquake Disaster. In particular, we focus on the
rock failures, liquefaction and newly recorded af-
tershock in Nepal.

2. SLOPE FAILURE MODES AND IN-SITU
STRESS STATE

(1) Failure mode of rock slopes

The Himalayan front in the western Nepal is char-
acterized by several discontinuous segments of the
Himalayan frontal thrust fault and its subsidiary
faults". This region belongs to Himalaya Arc, which
was suffered repeatedly very large earthquakes with

thrust belt.

In Nepal, sedimentary and metamorphic rocks are
heavily folded and faulted due to the tectonic
movements resulting from the collision of the Indian
plate with the Euro-Asian plate and subjected to
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Fig. 3 Slope failures induced by the Gorkha earthquake. (a) Soil Slope failure having large spheroidal boulders; (b) A rock fall,
which hit a house; (¢), (d) Planar and wedge sliding failures; (e), (f) flexural and block toppling failure; (g) location map.

weathering due to intense freezing-thawing cycles as
well as water-content variations. The 2015 Gorkha
earthquake caused the widespread slope failures over
the mountainous areas with such geological for-
mations, which is also one of the most distinct
characteristics of this earthquake. According to the
analyses of satellite imagery by Durham University®-
7, the slope failures by the earthquake were concen-
trated in areas north to the epicenter as shown in Fig.
2%, Specifically, there were numerous slope failures

particularly on the hanging-wall side of the earth-
quake fault as compared with those on the footwall
side of the earthquake fault. Furthermore, the areal
extension of the slope failures is much larger on the
hanging-wall side than that on the footwall side.
Interestingly, this tendency is quite similar to those
observed in the 2005 Kashmir earthquake in Paki-
stan, which had occurred near the north-east corner
of Himalayan Mountain Belt?.

According to this field

investigation, our



JSCE Journal of Disaster FactSheets, FS2016-E-0001, 2016

Fig.4 Rock samples. (a) phyllite at Sunkoshi, (b) quarzitic schist at Melamchi, (c) schist with quartzite nodule at Sunkoshi,
(d) schist at Dhumche, (¢) gneiss at Melamchi, (f) quartzite at Sunkoshi
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Fig.5 Comparison of various empirical relations for attenu-
ation of maximum ground acceleration with observed and
inferred data.

observations on the 2005 Kashmir Earthquake" and
some information from the world wide web network,
the common forms of slope failures by this earth-
quake may be categorized as (i) surficial plastic de-
formations and flow of top soil or weathered zone,
(i) planar and wedge sliding and (iii) flexural or
block toppling as shown in Fig. 3. Some soil slopes
failures consisting of spheroidal boulders deposits
were also observed (Fig. 3(a)). These type ground
conditions were mainly observed in valleys carved
by fast-flowing rivers. Many large granitic or
gneissic boulders in a heavily weathered rocks be-
come loose due to intense shaking and damaged
living environment as shown in Fig. 3(b). These rock
falls were observed along rivers with steep slopes.
Planar and wedge sliding failures were observed

mainly in Schist, Phyllite, and Shale (Fig. 3(c), (d)).
The flexural or block toppling failure caused by
strong shaking induced by the earthquake were also
observed in the slopes consisting of weathered
metamorphosed rocks, whose schistosity plane dip-
ping into mountain (Fig. 3(e), (f)). The planar failure
of rock slopes was mainly due to sliding on schis-
tosity planes of metamorphic rocks or bedding planes
of sedimentary rocks mainly at the slopes facing the
causative fault plane. For references, Fig. 4 shows
some rock samples, which were collected through
this investigation from the sites large slope failures.

Although the available data are quite limited, an
attempt was made on the attenuation of strong mo-
tion together with observed and inferred data from
the collapsed or toppled structures in Fig. 5. In the
figure, ‘Simples Structures’ imply block models
1912 " through which we may infer the acceleration
levels of earthquake for different failure modes in
areas without some recording devices. The data is
generally consistent with available empirical rela-
tions proposed by various researchers'®1®),

Fig. 6 compares the relationship between the
earthquake magnitude and the hypocentral distance
of failed slopes according to the relation of Aydan et
al -2, This relationship is given by the following
form.

R, =A4e"" -(3+0.5sin0—1.5sin*9)-C (1)

where Ro, 6, M, are the hypocentral distance, the
angle between the observation point and the strike of
the fault and the moment magnitude, respectively.
When the values of angle (8) are 90 and 270, they
correspond to pure hanging wall (HW) and footwall
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Fig.6 Comparison of empirical relations with observations.

(FW) conditions, respectively. A, B and C are em-
pirical constants, and their values differ depending
upon the characteristics of the earthquake'”. The
values of 4, B and C in coherent condition are 0.2,
0.8, 30, respectively. Whereas, in disrupted condi-
tion, 4, B and C are 0.3, 0.8 and 25, respectively.
From Fig. 6, The plotted case histories are quite
consistent with estimations from this empirical rela-
tion.

(a) N

(b) N

Fig.7 Examples of inferred initial stress state for the Gorkha
earthquake: Upper hemisphere equal angle projection. (a)
Mainshock on April 25%, 2015, (b) Aftershock on May 12,
2015. (M: 61/ 6v, ®: 62/ oy, A: o3/ 6y, @: Compression, @:
Tension)

(2) In-situ stress state

An extensive in-situ full stress tensor inferences
were carried out at the epicenter of mainshock and
aftershocks shown in Fig. 1 by using Aydan’s
method??- > based on the USGS database”. In these
measurements, the friction angle of the fault was set
to 30° for the stress inference computations. Fig. 7
shows examples of the computer-output diagrams for
the mainshock on April 25%, 2015 (MS in Fig. 1) and
the aftershock on May 12%, 2015 (AS3 in Fig. 1).
Table 1 summarized the inferred results together
(MS, AS1-4). As aresult, the largest horizontal stress
will act in the direction of NNE-SSW (dcr,, =6.8)

which is nearly perpendicular of the Himalayan
frontal thrust fault. Note that the horizontal stress of
the aftershock are larger than that of the mainshock.
Additionally, we computed the stress state of four
major earthquakes in the Himalayan area from their
focal plane solutions based on USGS data base.
Computation results are also given in Table 1. The
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Table 1 Comparison of computed results with measurements for USGS

0 (<)) O3
Location Op On d
R ) O3 - oy
n Fig.1 d, )2 —_ d, )2 - d; D3 Oy Oy
o o, o

MS (Apr. 25) 2.45 8.51 19.49 1.69 | 27731 3.38 0.82 177.87 | 70.20 1.68 2.27 10.3
AS1 (Apr. 25) 2.38 2.52 19.85 1.64 268.86 10.02 0.792 | 153.52 | 67.57 1.60 2.20 7.6
AS2 (Apr. 26) 1.78 6.99 3481 1.22 104.52 | 10.68 0.59 | 209.07 | 53.12 1.17 1.43 348.4
AS3 May 12) 1.87 11.64 | 33.20 1.29 104.11 3.77 0.62 199.83 | 56.53 1.28 1.50 42
AS4 (May 12) 2.70 437 10.16 186 | 272.13 | 12.29 0.90 132.13 | 73.95 1.81 2.65 6.8
1980 Nepal
Mw=6.5
1991
Uttaranchal
India
Mw=6.8
2005 Kashmir
Pakistan 291 39.77 1.50 2.00 | 309.51 9.85 0.97 138.32 | 80.04 1.97 2.90 40.0
Mw=7.6
2009 Bhutan
Mw=6.1

2.86 19.12 9.00 1.97 | 289.07 | 0.36 095 | 196.81 | 80.99 1.97 2.81 19.2

243 2892 | 19.80 1.67 | 29738 | 428 0.81 195.71 | 69.71 1.67 2.24 312

2.25 7.21 24.01 1.55 | 277.02 | 0.42 0.75 | 186.08 | 65.98 1.55 2.01 7.5
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Fig.8 Bungamati liquefaction locations and some observed ground raptures.

Fig.9 Bungamati liquefaction location. (a) Overview; (b) Example of a rupture; (c) Boiled sand.

maximum horizontal stresses inferred by the focal 3. GROUND LIQUEFACTION

mechanism solutions are also close to those by the

Gorkha Earthquakes. Bungamati is a village located in Lalitpur district of
central Nepal, and the village is approximately 9 km
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Fig.10 Sampled sands. (a) Coarse sand (sample-1); (b) Fine sand (sample-2).
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Fig.11 Relationship between normal stress and shear strength.

away from Katmandu in direction of SSW (Fig. 8). In
this region, Kalimati clay (lacustrine facies) is dis-
tributed’®”, and there are some ponds, so called
Bungamati pond. In this investigation, the wide
spread ground liquefaction was observed in the
Bungamati region as shown in Fig. 9. From satellite
image analysis and field survey, the liquefaction area
was presumably 0.25 km?. At this particular location,
there are four ground ruptures at least (see Fig. 8),
the length of the ruptures ranges from 20 to over 50
m, and the separation of the ruptures was approxi-
mately 5 to 20 cm. On the ground anywhere, boiled
soils were observed. The inhabitants at this village
mentioned that the ejected boiled soil reached 1 m or
more above the ground.

Grain-size distribution and shear tests were car-
ried out on soil samples from these sand boils. The
grain size distribution of boiled soil samples ranged
from fine to coarse visually (Fig. 10). Fig. 11 and
Table 2 shows the results of shear test, and Fig. 12
shows grain size distributions of soil samples to-
gether with liquefaction limits. As noted from Fig.
12, most of the grain-size distributions fall within
easily liquefiable zone. Therefore, the observation of
widespread ground liquefaction occurred in the
Bungamati region by the 25" April, 2015 earthquake
was a consequence of natural ground conditions in
this region.

Table 2 Results of the shear test on boiled sands.

Sample-1 | Sample-2
Internal friction angle
25.6 41.5
(¢: deg.)
Apparent cohesion
(c: kKN/m?) 10.6 11.0
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Fig.12 Comparison of grain size distribution of boiled soil
samples with liquefiability bounds.

Also, there were some reports that ground lique-
faction was also observed at several locations nearby
Bungamati such as Imadol and Bihar in India. There
are several relations to estimate the limiting epicen-
tral’hypocentral distances for the site of liquefac-
tion?>?®. An equation based on moment magnitude
with the consideration of orientation of the earth-
quake fault is proposed by Aydan and given as fol-
lows?®:

R =0.08¢"""".(3+0.5sin6—1.5sin’0) (2)

where Ri, 6, M, are the hypocentral distance, the
angle between the observation point and the strike of
the fault and the moment magnitude, respectively.
Estimations from this equation together with other
available equations are compared with the ground
liquefaction data of the 2015 Gorkha Earthquake in
Fig. 13 with the considerations of magnitude
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Fig.13 Comparison of empirical relations with observed data
on ground liquefaction.

conversion as well as the difference between epi-
central and hypocenter distances. All of the empiri-
cal relations provide good bounds for the maximum
limiting distance for ground liquefaction, and Eq. (2)
takes into account the faulting orientation also.

On the other hand, the detail mechanism of ex-
tensive sand boiling in Bungamati has not been
clarified yet. However, the clarification of the phe-
nomena may be also one of the important issues in
relation to structural safety of super structures and
housing on such ground conditions.

4. ACCELERATION AND PERMANENT
DEFORMATION IN KATHMANDU -
Potable strong motion instrumentation

The permanent deformation is estimated by using
acceleration records in Kanthi-path at Kathmandu.
Although there are various procedures for evaluating
ground velocity and ground displacement from ac-
celeration records, the Erratic Pattern Screening
(EPS) method proposed by Ohta and Aydan* and
Aydan and Ohta'¥ was employed in this study as this
method takes into account the fault rupture duration,
p-s wave arrival time difference, instrumental noises
and triggering levels.

Fig. 14 shows the permanent deformations with
acceleration and velocity in direction of NW, EW
and UD. The recorded acceleration data is provided
by the Center for Engineering Strong Motion Data
(CESMD)*”. From this figure, we can infer that the

ground was moved by 3.2 m (=+/2.41% +2.12%) in

direction of SE, and was uplifted by 1.8 m. In this
manner, it is possible to evaluate crustal defor-
mations associated with earthquakes from the
measured acceleration records. However, there is
only one strong motion station in Kathmandu city
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Fig.14 The permanent deformations in Kanthi-path at
Kathmandu city.

Fig.15 Views of stand-alone-type accelerometer. (a) Instal-
lation condition, (b) Zooming in of the instrument.
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Fig.16 Acceleration records taken on May 30, 2015 aftershock at Kathmandu.
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Fig.17 Results of spectral analyses for May 30t aftershock. (a) Fourier power spectra, (b) Acceleration response spectra.

established by USGS in Nepal and there is great
necessity to monitor strong motions in much broader
area using a dense network of strong motions like
Japan. Usually, such extensive strong motion in-
strumentation and its maintenance may be too ex-
pensive for developing countries such as Nepal.

In this investigation, a compact portable
stand-alone type accelerometer was installed in the
hotel at Kathmandu city (N27° 43" 9.5", E85° 19’
17.5") as shown in Fig. 15. This accelerometer has
been developed by Aydan et al., which can be set to a
trigger mode at a selected acceleration level and
having a storage capacity of 2 GB. Fig. 16 shows an
acceleration record taken during an aftershock (May
30th, 2015(GMT+5:45)). The primary wave and the
secondary wave are clearly recorded.

Fig. 17 shows the Fourier spectra and acceleration
response spectra of the observed ground motion.
Spectra of horizontal direction (X) exhibit well
correlated peak acceleration in the vicinity of 1 Hz
whereas there is the highest value in the lower fre-
quency area. Although we need to examine the

characteristics of recorded waves in detail by using
large number of dataset, this device could be useful
for assessing the response of free-field ground mo-
tions as well as responses of structures during
earthquakes.

5. CONCLUSION

The authors reported the field survey results and
their analytical results of 2015 Gorkha earthquake in
Nepal regarding the slope failures, in-situ stress
state, ground liquefaction, permanent deformation
and obtained aftershock-waves. From this study, the
following conclusions would be described:

(1) The earthquake caused the widespread slope
failures over the mountainous, which were par-
ticularly concentrated on the hanging-wall side
of the earthquake fault as compared with those
on the footwall side of the earthquake fault. This
tendency was quite similar to those observed in
the 2005 Kashmir earthquake in Pakistan.
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(2) The common forms of slope failures by this
earthquake may be categorized as (i) surficial
plastic deformations and flow of top soil or
weathered zone, (ii) planar and wedge sliding
and (iii) flexural or block toppling.

The comparison studies with various empirical
relations for attenuation of maximum ground
acceleration and magnitude were carried out.
From the analysis of in-situ stress state, the
largest horizontal stress acts in the direction of
NNE-SSW, which is nearly perpendicular of the
Himalayan frontal thrust fault. The maximum
horizontal stresses inferred by the focal mecha-
nism solutions of other four earthquakes oc-
curred at Himalayan region were also close to
those inferred for the Gorkha Earthquakes.

The wide spread ground liquefaction and many
ground ruptures were observed in the Bungamati
region. From the grain size distribution test of
the boil sands, most of the grain-size distribu-
tions fall within easily liquefiable zone. Addi-
tionally, according to the comparison study of
empirical relations on ground liquefaction, some
empirical relations provide good bounds for the
maximum limiting distance for ground liquefac-
tion.

The clarification of the mechanism of extensive
sand boiling phenomenon may be one of the
important issues in relation to structural safety of
super structures and housing on such ground
conditions.

The permanent deformation was estimated by
using acceleration records in Kanthi-path at
Kathmandu.

A compact portable stand-alone type accel-
erometer, which can be used anywhere and any-
time, was installed in the hotel at Kathmandu
city, and an acceleration record taken during an
aftershock. These kinds of device may be of
great help for engineers for assessing the seismic
response and stability as well as design of
structures.

3)

“
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